Heat-inducibility of two reporter constructs expressing lacZ gene under the control of mouse and Xenopus hsp70 promoters was tested in zebrafish (Danio rerio) embryos using a transient expression system. Cells expressing ␤-galactosidase were stained blue by histochemical staining and their average number per embryo was used as an indicator of the expression level of the reporter gene. Both constructs were heat-inducible in the embryonic tissues and showed similar heat dependence (increasing expression levels from 35-36°C up to 39°C with an apparent decrease at 40°C), resembling that of the zebrafish hsp70 genes. However, their induction kinetics were different, which might be due to differences in their 5 UTRs. Spatial expression patterns of the two hsp/lacZ constructs and an endogenous hsp70 gene were mostly similar on the RNA level. These results indicate that our approach is applicable for in vivo analysis of the heat-shock response and that exogenous heat-shock promoters may be useful for inducible expression of transgenes in fish.
INTRODUCTION
Most living organisms have an adaptive response system that ensures survival under stressful conditions. Heat and other environmental stressors (e.g., pesticides, xenobiotics, heavy metals, etc.) cause cellular proteins to misfold or partially denature. These then elicit a molecular response that includes a dramatic change in gene expression. Transcription and translation of most genes are suppressed, whereas heat-shock genes are activated in the stressed cells (for reviews see, e.g. [1] [2] [3] ). Heat-shock proteins (HSPs) may bind to misfolded or denatured proteins to protect them from irreversible damage during cellular stress [3] and to help in their refolding or directed degradation afterward.
Regulation of the heat-shock response takes place at both the transcriptional and the translational levels. Heat-induced activation of hsp genes in higher eukaryotes is controlled primarily by heat-shock factor 1 (HSF1). When activated by heat-shock, it undergoes trimerization and binds specifically to the heat-shock elements (HSE), which are located in the regulatory region of hsp genes [3] . HSP70 is suggested to act as a thermosensor at both levels of this self-regulatory mechanism [2, 4] .
During the past decade zebrafish (Danio rerio) became a popular model system not only for developmental genetics [5] but for a number of other areas, as well [6] . Translucent embryos make the species a good subject for studying the three-dimensional pattern of gene expression (see, e.g. [7] [8] [9] ).
While the heat-shock response has been exhaustively studied in various taxonomic groups and model systems (for review see [10 -12] ), less is known about the regulatory region and the expression of heat-shock genes in teleosts. This is surprising, since poikilothermic animals are optimal candidates for studying gene expression regulated by heat-shock. Our present knowledge about the heat-shock response in teleosts has been reviewed by Krone et al. [13] and Iwama et al. [14] , but no report has yet been published on heatinducible expression of a reporter gene in fish in vivo.
This paper reports on the heat-inducible expression of lacZ regulated by two exogenous hsp70-type promoters in zebrafish. We demonstrate the dependence of this heat-inducible expression on a number of factors and compare the spatial expression patterns obtained with those of an endogenous zebrafish hsp70 gene.
METHODS
Maintenance and breeding of zebrafish. Fish were purchased from a local supplier and maintained in 100-liter tanks at a 14/10 h light cycle. Breeding, propagation, and rearing of zebrafish were performed according to standard methods [15] .
Construction of plasmid vectors. Two similar hsp-reporter constructs were used: both contained the lacZ gene of Escherichia coli driven by exogenous hsp70-type heat-shock promoter of mouse or Xenopus, respectively, and terminated by SV40 polyadenylation sequence. The basic construct, mhsp/lacZ in this paper (originally phspPTlacZpA), was generated by Kothary et al. [16] and contains the mouse-derived hsp68 promoter sequence (Ϫ664 to ϩ113, relative to start site of transcription) in front of the lacZ gene. The other vector, Xhsp/lacZ, was constructed as follows: we excised a HindIII/ BglII fragment from the pXL16P genomic clone [17] . This fragment contained the promoter region of Xenopus hsp70B gene (approx 800 bp long) and a 33-bp untranslated leader sequence. Following several steps of subcloning, the Xhsp70B promoter was inserted into mhsp/ lacZ, from which the mouse promoter had been previously removed by a HindIII/NcoI double digestion. The resulting two constructs differ in two other respects in addition to the origin of their promoters: (i) the Xenopus hsp70B promoter contains only 33 bp of its "original" 5ЈUTR (125 bp) in Xhsp/lacZ, whereas in mhsp/lacZ, the whole "original" 5ЈUTR (225 bp containing a triple tandem repeat sequence) is present; and (ii) the consensus sequence of translational initiation of eukaryotes [18] , which was cloned into mhsp/lacZ, is not complete in Xhsp/lacZ.
Determination of the DNA sequence. To determine the total sequence of the Xenopus hsp70B promoter fragment used in our experiments, it was removed from the Xhsp/lacZ construct and subcloned into pUC19 vector. Both subclones (HindIII/SacII 500 bp and SacII/ SacII 300 bp) were sequenced from both directions by Dye Terminator Sequencing Kit on an AbiPrism 3.1.0. (both PE ABI, Foster City, CA). Transfac 3.0 program (http://transfac.gbf.de/cgi-bin/matSearch/ matsearch_pub) was used to find putative transcription factor binding sites. The results were then compared with the data available from the literature [19 -23] .
Microinjection. Fertilized zebrafish eggs were microinjected according to Williams et al. [24] with the following modifications: DNA was dissolved in Holtfreter solution [25] at a concentration of 100 ng/l and a blue food color (McCormick & Co., USA) was added to increase visibility of the solution. Embryos were injected into or near the animal pole at 1-(2)-cell stage with approx 1-2 nl DNA solution using an IM-200-type microinjector (Narishige, Greendale, WI). (Since we have not experienced any apparent difference in expression patterns and intensities obtained with linear and circular vector in the first experiment, only the linear form was used for subsequent injections.) Developmental staging was as described in [26] .
Heat-shock experiments. Embryos were heat-shocked at the age of 24 h postfertilization (hpf). Three different control groups were generated in every experiment: nonmicroinjected embryos (with or without heat-shock) served as controls for ␤-galactosidase (␤-gal) staining or in situ hybridization, whereas microinjected but nonheat-shocked embryos were used as controls for heat-induction. From this point on, the latter will be referred to as controls. In each experiment a minimum of 50 embryos per test group were used, and usually three (occasionally two) parallel groups were tested. For heat-shocking, embryos were placed into 0.5-ml Eppendorf tubes (20 -25 embryos/tube) and incubated in a thermal cycler (PCR1; Perkin-Elmer) at the required temperature (38°C, unless indicated otherwise) for 15 min (13 min with 2-min ramping times). Following the treatment, embryos were transferred into petri dishes and kept at control temperature (28°C) until fixation.
␤-galactosidase assay and analysis of expression patterns. A histochemical staining procedure for ␤-gal activity was applied to detect lacZ expression in intact zebrafish embryos, as described in [27] . Blue cells transiently expressing ␤-gal were detected visually under microscope and their average number per embryo was used as an indicator of the expression level of the reporter gene. It was confirmed in a pilot experiment that an increased amount of microinjected DNA results in a higher number of blue cells per embryo; i.e., counting the blue cells can be used for the estimation of the expression level in the intraembryonic tissues (data not shown). In this publication the term "expression level" refers to the number of expressing cells per embryo and does not refer to a quantitative assay of ␤-gal reporter enzyme.
For statistical analysis of the data, 10% of all embryos assayed per group (which did not show any lacZ expression with X-gal staining, even following the strongest conditions of induction; thus, they were considered not to contain the transgene) were removed and 95% confidence intervals were calculated for the remaining individuals of each data set based on the Student t distribution with the standard formula: CI ϭ mean Ϯ t ⅐ SD/ ͌ n [28] .
Whole-mount in situ RNA hybridization. Antisense and sense RNA probes labeled with digoxigenin-11-UTP (Boehringer-Mannheim) were synthesized by in vitro transcription. We used a previously described fragment of a zebrafish hsp70 gene (hsp70-4, [29] ) as a template for the detection of endogenous hsp70 expression. A 1064-bp-long SacI/EcoRI fragment from the 3Ј region of the lacZ gene served as a template for the assay of transgene expression. Embryos were heat-shocked at 22 hpf and, after a recovery period of 120 min at 28°C, were fixed for assay in 4% paraformaldehyde in PBS. In situ hybridization on whole-mount embryos was performed according to the protocol of Dr. I. Sleptsova-Friedrich (IMA, NUS, Singapore; unpublished); 12-m cryosections were made from stained embryos on a CM 1900 cryostat (Leica, Germany).
RESULTS

Heat-Inducible Expression of lacZ Reporter Gene in Zebrafish
Two hsp70/lacZ-type reporter constructs were microinjected into zebrafish zygotes. The pattern of resulting transient expression was then investigated in both heat-shocked and control embryos by staining with X-gal and counting the blue cells in at least 100 individuals per treatment group. Both mhsp and Xhsp promoters expressed the reporter gene after midblastula transition (MBT) and were heat-inducible in the intraembryonic tissues. Without heat-shock, mhsp/ lacZ showed higher basic expression level (an average of 4 -5 expressing cells/embryo) than Xhsp/lacZ (approx 1 expressing cell/embryo). In heat-induced embryos we observed a significant increase in the number of expressing cells for both constructs (the difference between the two constructs in the number of expressing cells per embryo remained but was less explicit in proportion, see Fig. 1 for a typical view).
Various expression levels were observed in the yolk syncitial layer (YSL), regardless of the number of blue cells detected in the embryo proper of both uninduced and induced individuals. Therefore, we focused on the investigation of expression observed in the intraembryonic tissues.
The Effect of Recovery Period, Temperature, and Developmental Stage on the Induced Expression
Microinjected embryos did not show significant induction of lacZ expression in ␤-gal assay when fixed immediately after heat-shock. Therefore, the effect of duration (0 -12 h) of the recovery period between the end of induction and the fixation on the expression level was examined. During this period lacZ expression remained approximately at the same level in the control embryos. In Xhsp/lacZ-injected, heat-shocked embryos an increasing number of expressing cells was observed during the first 4 h, when expression reached its maximum and then started to decrease. The expression of mhsp/lacZ showed a different temporal pattern: a sharp peak at 2 h, then a sudden decrease until 4 h, and from then on a less steeper decrease, similar to Xhsp/lacZ (Fig. 2) .
We have also examined the temperature dependence of expression. Expression of both transgenes showed exactly the same heat dependence. Heat-shock was found to be noninducing below 35°C. Significant heat induction was first observed at 36°C, whereas the highest number of expressing cells were counted at 39°C. At the highest temperature tested (40°C), the expression level started to decrease and significant mortality of the embryos was observed (Fig. 3) .
The effect of heat-shock was also investigated at different developmental stages (from zygote to 5 days of age postfertilization). The earliest expression of the reporter gene was observed right after the MBT (3-4 hpf) in both heat-shocked and control embryos. The highest number of expressing cells in the intraembryonic tissues of the treated embryos was detected during gastrula and early segmentation periods (5-12 hpf). The number of lacZ-expressing cells decreased in treated individuals at later stages. Controls showed a basic expression at low level, which seemed to decrease slightly after hatching (data not shown).
Comparison of the Two Regulatory Regions
To compare the structure of the two regulatory regions, we determined the whole (approx 800-bp) sequence of the cloned (pXL16P) fragment, as the 5Ј end of the regulatory region (approx 350 bp) was not published by Bienz [17] . (The full sequence is available in GenBank on Accession No. AF231011.) The nucleotide sequence of the known region of the Xhsp70 promoter was identical to that published earlier [17] . No additional HSE was found in the 350-bp 5Ј region. The two regulatory regions showed low (approximately 60%) overall homology. We determined the positions of putative binding sites of transcription factors, which are considered to play a role in the regulation of heat-shock expression in both promoters and compared the Xenopus promoter fragment to that of the mouse-derived fragment (Fig.  4) . The two promoter regions showed strong similarities in the position of the TATA-box and the first CAAT-box, as well as in the number of the HSEs and their positions compared to the transcriptional start site. There were only two notable differences: six putative Sp1 (stimulating protein 1, [30] ) transcription binding sites were identified on the mhsp68 promoter, whereas none were found on the Xhsp70 promoter, and the sequences of the three HSEs in the Xhsp70 promoter were similar (...nGAAnnCTCnnGAAnnTTCn...), whereas the same regions were more diverse in the mhsp68 promoter.
The Spatial Expression Pattern of the Two hsp70 Reporter Constructs and an Endogenous hsp70 Gene at mRNA Level
The spatial pattern of the expression of mhsp/lacZ and Xhsp/lacZ was also determined at 24 hpf at the RNA level and compared to that of an endogenous hsp70 gene of the zebrafish, which was studied previously at 48 hpf [29] . Since both hsp/lacZ constructs showed a similar pattern of expression, they are described together. A basal level of expression in cells randomly distributed in a mosaic manner throughout the body could be observed in the noninduced embryos (data not shown). The distribution pattern of the cells was similar to that observed by histochemical staining, but the number of stained cells was higher in the case of in situ hybridization. The expression level increased significantly following heat-shock (Fig. 5A) . Although expressing cells could be observed in most tissues (Figs. 5A-5D ), most expressing cells were detected in myotubes of the trunk (Figs. 5B, 5D , and 5E) and in epidermal cells.
Expression of the endogenous hsp70 was found as expected, with very low level of hsp70 mRNA present at control temperatures (data not shown). After heatshock, a high level of expression was observed in the embryos (Fig. 6A ), but some of the embryos did not show the effect of the heat-shock, presumably due to individual differences in response to the treatment. Specific signals were detected by the hsp probe at the following parts of the whole-mount embryos: the somites (Figs. 6B, 6F , and 6G), the region of the developing endoderm (Figs. 6B and 6F), the eyes (Figs. 6C and 6D), the pronephric duct, the urogenital opening, the blood island, and the tail bud. Sections also showed expression in the diencephalon and the lens (Fig. 6D) , in the midbrain (Fig. 6E) , and in the visceral organs (Fig. 6F) .
Expression pattern of the hsp/lacZ constructs in the head and body of the embryos showed differences from that of the endogenous gene. Whereas the endogenous hsp70 mRNA showed a pattern with lateral symmetry (see, e.g., Figs. 6F and 6G), the expression of the transgene was random in most cases (Figs. 5B, 5D , and 5E). High level of endogenous hsp70 was present in the lens of the eye after heat-shock (Figs. 6C and 6D ), but we could detect a low amount of lacZ mRNA at the same location in only a few embryos (Fig. 5C ).
DISCUSSION
Inducibility is desirable for transgenic systems, since it provides a more flexible control of transgene expression. The benefits are obvious: the level of the transgenic product could be affected at will. For instance, transgenes with adverse effect could be turned on and studied at later stages of development [31] or in individual cells [32] . Current possibilities for inducible gene expression in transgenic vertebrates include the utilization of tetracycline (tet)-regulated transactiva- tion systems (for review see, e.g. [33] ), metallothionein promoters (MT) [34] , yeast Gal4 regulatory region [35] , the T7 binary system [36] , and heat-shock promoters [37] . Among all these, only MT [38, 39] has been studied more extensively in fish.
Here we report on the successful introduction and expression of two exogenous hsp70 promoter-driven reporter constructs in zebrafish. The fact that both the mouse and the Xenopus hsp promoters turned out to be inducible in the fish embryos renders it likely that HSF homologues of zebrafish are able to bind to other vertebrate heat-shock promoters as well. This seems to confirm the conserved nature of the hsp regulatory regions among these classes. At the same time, differences either in basic expression level of the two exogenous hsp promoters or in spatial pattern of the reporter gene and an endogenous hsp70 gene point to evolutionary differences in regulation of heat-shock genes.
The higher basic activity of mhsp/lacZ is presumably caused by the presence of Sp1-binding sites on the mhsp68 promoter. These GC-rich binding sites can be found on most mammalian hsp promoters and play a role in the modification of heat-inducible expression [20, 22] . However, they are absent from most hsp promoters derived from lower vertebrates, in which their function may be carried out by other transcription factors, e.g., CAAT-binding transcription factor. We suspect that the increased transcription of mhsp/lacZ is then further enhanced by the Kozak sequence on the level of translation.
Such a hybrid system, in which exogenous hsp promoters are turned on in a host species, provides an optimal tool for studying the factors affecting the in vivo binding of HSFs to HSEs, which are not necessarily organized similarly to those of the endogenous ones. Our results show that the temperature dependence of expression of both transgenes in D. rerio was similar and resembles that of the endogenous zebrafish hsp70 gene. We note that the shape of the diagram depicted in Fig. 3 is very similar to that observed by mobility shift analysis in Xenopus [40] ; however, the former is shifted toward higher temperatures by approx 7°C, which equals the difference between the temperature optima of the two species. This suggests that it is not the promoter that determines the threshold temperature of the activation but the binding factor (HSF1) and its regulation in the cell. This regulation involves other cellular factors that can reprogram the HSF itself. However, HSF also has some inherent heat-inducible abilities in vitro [41] ; so, the question is still not fully answered.
Our data further confirm earlier observations [1] that in poikilotherms the expression of heat-shock genes is induced 5-8°C above the optimal temperature. The level of induction reaches its maximum at 10 -15°C above the optimal temperature, then it starts to decrease, presumably due to problems in the protection system caused by the extreme heat, which leads to irreversible damage of the cells and the death of the individuals.
Recently, Shoji and colleagues [42] described a gene construct in which a zebrafish structural gene was driven by a zebrafish hsp70 promoter, but they did not provide detailed information about the promoter. It would be interesting to compare the performance of our vectors to theirs as well as to chimera constructs, to learn more about the differences in the activation mechanisms between these species.
Heat-shock response is a rapid process. Transcripts of hsp genes appear shortly after the start of heatshock, and they disappear relatively rapidly after the inducing stimulus ends [43] . Kinetics of activation of lacZ expression regulated by mouse hsp68 promoter was similar to the heat-shock response of endogenous hsp70 genes, whereas Xhsp/lacZ reacted somewhat differently. This is presumably due to the difference in the structure and/or length of the original 5Ј UTRs in these constructs. These sequences are supposed to play a crucial role in the selective translation of mRNAs encoding heat-shock genes under stress condition [44] . Therefore, we suspect that ␤-gal synthesis from Xhsp/ lacZ becomes efficient only when the amount of host hsp mRNAs is decreased. Decay of lacZ expression is also slower than that of HSPs, which is probably due either to the slower degradation of the transgene mRNAs caused by 3ЈUTR derived from SV40 or to the extreme stability of the ␤-gal enzyme.
The spatial expression pattern of both exogenous hsp70 promoter-driven constructs was analyzed after heat-shock at the RNA level and compared to that of an endogenous hsp70 gene. As we discussed above, the induction temperature of the heat-shock activation is determined by the host organism, in our case the zebrafish. The spatial pattern of lacZ expression driven by the mouse-and Xenopus-derived promoters did not seem to be different from that of the endogenous hsp70 gene in its distribution, however the former was random and the latter was always symmetrical, as expected. The distribution of cells expressing zebrafish hsp70 following the induction was somewhat different from that described earlier for embryos at 48 hpf [29] , which is presumably due to differences in embryo age and/or in the heat-shock conditions (one hour heatshock followed by immediate fixation was used in the other study). Many muscle cells were found to express hsp70 at 24 hpf, whereas none were observed at 48 hpf. The frequent expression of the transgene in the myotubes may also be explained by the multinuclear nature of these cells (they are more likely to contain a transgene-expressing component and are larger, so easier to detect than most other cell types).
Since integration of microinjected transgenes is a rather rare event in fish (for review see, e.g., [45, 46] ), most of the treated individuals contain the transgene only extrachromosomally; it is inherited randomly by the daughter cells, resulting in genetic mosaics. Under a given condition, the amount of the reporter protein produced depends primarily on the copy number of the transgene present in the given cell. Expression can be visible only in cells with expression levels exceeding the detection limits of the assay, which explains its "digital nature." It is presumed that, due to treatment (e.g., heat-induction), the transcription intensity is increasing and the number of cells expressing the transgene above the detection limit is growing; thus, a higher expression level is observed as a higher number of transgene-expressing cells. Based on these phenomena, the transient expression system is more efficient and rapid for preliminary gene expression studies [8] and even for dissection of regulatory regions [47] than the time-consuming and laborious development of germ line transgenics.
There are several substrates available for the detection of the activity of E. coli ␤-galactosidase in cells. However, some of them can be used only from tissue homogenates and are inapplicable for determining expression patterns or even correct expression levels [24] . Fluorescein di-beta-D-galatopyranoside [9, 48] has the advantage of in vivo detection; however, in our hands it appeared to give a considerable background, making identification of "true" expressing embryos more difficult. Staining by X-gal generates a permanent record, which is easy to study and can be stored for several months. The number of blue cells is a good indicator of the expression level of ␤-gal, as it allows for rapid testing of the regulatory region assayed. The mosaicism, considered a nuisance in gene integration experiments, is an advantage here, since it allows for easy quantification of the cells expressing the reporter gene. Application of inducible promoter elements-especially those with less harmful and easily applicable inducers such as heat-in recombinant gene constructs could open new perspectives in fish biotechnology. Combination of these regulatory elements with those providing spatial or temporal specificity might allow researchers to achieve more specific and tighter regulation of recombinant gene expression in the future. Another possibility is to specifically activate the integrated transgene under the control of HSEs in one cell or a group of cells by warming them locally with laser [32] . These techniques may enable one to induce the expression of a transgene in a limited number of cells in a desired part of the embryo (e.g., certain neurons in the CNS) only and the response could then be studied locally. Transgenic indicator fish containing reporter genes driven by an inducible regulatory region sensitive to not only specific but also nonspecific stressors could be used for early detection of water pollution, as suggested by Kinoshita et al. [39] . This approach was successfully applied in biomonitoring using Caenorhabditis elegans and reporter constructs regulated by an hsp16 promoter [39] . Since hsp70 promoters in fish are known to respond to environmental pollutants [49, 50] , we propose that transgenic fish expressing hsp70 promoter-driven recombinant constructs with various reporter genes could also be good candidates for bioindicators.
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